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Abstract

Objective: Brain organoids are miniaturized in vitro brain models generated

from pluripotent stem cells, which resemble full-sized brain more closely than

conventional two-dimensional cell cultures. Although brain organoids mimic

the human brain’s cell-to-cell network interactions, they generally fail to faith-

fully recapitulate cell-to-matrix interactions. Here, an engineered framework,

called an engineered extracellular matrix (EECM), was developed to provide

support and cell-to-matrix interactions to developing brain organoids.

Methods: We generated brain organoids using EECMs comprised of human

fibrillar fibronectin supported by a highly porous polymer scaffold. The resul-

tant brain organoids were characterized by immunofluorescence microscopy,

transcriptomics, and proteomics of the cerebrospinal fluid (CSF) compartment.

Results: The interstitial matrix-mimicking EECM enhanced neurogenesis, glial

maturation, and neuronal diversity from human embryonic stem cells versus

conventional protein matrix (Matrigel). Additionally, EECMs supported long-

term culture, which promoted large-volume organoids containing over 250 lL
of CSF. Proteomics analysis of the CSF found it superseded previous brain

organoids in protein diversity, as indicated by 280 proteins spanning 500 gene

ontology pathways shared with adult CSF. Interpretation: Engineered EECM

matrices represent a major advancement in neural engineering as they have the

potential to significantly enhance the structural, cellular, and functional diver-

sity that can be achieved in advanced brain models.

Introduction

Brain disorders are the leading cause of disability and the

second leading cause of death globally. Stroke, dementias,

including Alzheimer’s disease and Parkinson’s disease,

multiple sclerosis, brain infections, and brain cancers

underlie the high mortality rate, which contributes to

substantial morbidity, along with headache, epilepsy,

mental disability, and autism spectrum disorder.1 Esti-

mates of the global burden of brain diseases vary, but, on

average, at least 20% of all living persons are afflicted

with a brain condition.1 The annual direct healthcare

costs and indirect costs from loss of productivity enumer-

ate well over 1 trillion dollars in both Europe and the

United States.2–4 Despite decades-long investments in

basic and clinical research, most brain diseases remain

untreatable.

Mouse models are useful for research into some brain

diseases, and many have been developed for the most

common brain conditions, for example, Alzheimer’s dis-

ease5 or traumatic brain injury.6 However, there are

inherent differences between humans and mice, which
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limit their applicability for some areas of inquiry.7

Human brain organoids offer an alternative research

opportunity,8 with applications ranging from studying

normal brain development9–11 to modeling neurological

disorders12 and testing therapeutics.13 Brain organoids are

typically derived from embryoid bodies of either embry-

onic stem cells (ESCs) or induced pluripotent stem cells

(iPSCs), which are differentiated into the specific central

nervous system (CNS) germ layers. The resultant brain

organoids assume a multi-layered, multi-tissue, three-

dimensional (3D) structure with cell-to-cell and cell-to-

matrix network interactions,11 which more closely model

the complex brain structure compared to conventional

two-dimensional cultures.

Traditionally, brain organoids are generated by the

cell-autonomous organization on xenogenic support

matrices, such as Matrigel, which is a largely undefined

protein cocktail derived from the basement membrane of

Engelbreth–Holm–Swarm mouse sarcoma with significant

batch-to-batch variability.14 To control and improve

brain organoid formation and functionality, the develop-

ment of precisely engineered, xenofree microenviron-

ments with controlled matrix composition is urgently

needed.15 Brain cells experience cell-to-extracellular

matrix interactions in vivo during brain development;

however, these interactions are not faithfully captured by

brain organoid cultures. Our study addresses this chal-

lenge by developing engineered extracellular matrices

(EECMs) comprised of fibrillar networks of human fibro-

nectin supported by a highly porous polymer scaffold.

Fibronectin is an extracellular matrix protein that, across

tissues, serves as a bedrock macromolecule that supports

the deposition of other extracellular matrix molecules,

such as collagens I and III.16 Fibronectin also serves as a

reservoir and transport system for key growth factors and

cytokine families implicated in several biological cas-

cades.17 These include protein families such as bone mor-

phogenetic proteins (BMPs), and fibroblast growth

factors (FGFs), which are implicated in neural develop-

ment.18 Moreover, adult brain neurons have shown

increased neurite outgrowth on fibronectin relative to

other substrates, including laminin.19 Recent advances in

controlling fibronectin assembly in situ enable the devel-

opment of precisely bioengineered scaffolds composed of

fibrillar fibronectin suitable for cell culture.20 Compared

to Matrigel cultures, EECMs enhanced neurogenesis and

glial maturation over time, as determined by single-cell

RNA-Seq and allowed for long-term organoid growth of

up to 7 months with cerebrospinal fluid (CSF) produc-

tion. EECMs provide the controlled microenvironment

required to improve brain organoid development and

represent a major advancement with broad utility for

brain disease research.

Materials and Methods

Fabrication of engineered extracellular
matrices

EECMs are a composite material of synthetic polymer

and human-derived protein. EECMs were fabricated as

previously described20,21 and as fully outlined in the sup-

plementary information. Briefly, a highly porous polymer

structure was generated by 3D jet writing and then placed

between two medical-grade stainless steel frames with

window cut-outs and secured with 1 lL of acrylate adhe-

sive (Loctite, Rocky Hill, CT). To create EECMs of fibril-

lar fibronectin, this scaffolding was placed in a plasma

fibronectin solution (Corning, Glendale, AZ) diluted in

DPBS with no magnesium or calcium (Gibco, Grand

Island, NY) to a concentration of 0.111 mg/mL and then

tumbled in a microcentrifuge tube at 8 RPM in a 30°C
chamber for at least 2 h. The air-polymer-protein inter-

face induces fibrillogenesis of the fibronectin to convert

the soluble protein to insoluble protein fibrils.20,22 The

resulting structure is an ultraporous polymer scaffold

laden with a fibrillar fibronectin protein matrix, referred

to collectively as EECM.

Stem cell culture

Two human PSC (hPSC) sources were used in this study.

H9 (WA09) embryonic stem cells were originally from

WiCell (Madison, Wisconsin) and were a gift from the lab

of Paul Krebsbach (The University of Michigan, Ann Arbor,

MI). iPSC 19-9-11 cells were provided by the University of

Michigan Cardiovascular and Regeneration Core (Ann

Arbor, MI). Both cells were maintained and passaged on

Matrigel-coated plates and were below passage 40. H9 cells

were cultured in StemFlex media (Thermo Fisher Scien-

tific), and iPSC was maintained in StemMACS iPS-Brew

XF, human (Miltenyi Biotec). These cells were maintained

at 37°C in a humidified incubator with 5% CO2. The cells

were passaged weekly with picking to remove or keep

unwanted cells to maintain highly pure populations of plu-

ripotent stem cells. Desirable properties include cells that

were polygonal in shape, homogenous with sharp borders,

and a high nucleus-to-cytoplasm ratio. Differentiated cells

were mechanically removed using a sterile pulled-glass

pipet under a stereomicroscope (LeicaMZ9.5, Leica Micro-

systems Inc., Buffalo Grove, IL).

Generation of Matrigel and EECM-based
neural cultures

Stem cells were seeded and expanded using two methods,

either Matrigel or EECM expansion. hPSCs were
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dissociated from Matrigel to single cells using Accutase

and cell-scraping with 10 lM ROCK inhibitor Y27632

(Calbiochem). Cells were then seeded either back to

Matrigel or on EECMs to carry out differentiation. To

compare Matrigel and EECM protocols as consistently as

possible, Matrigel neural progenitor cells were cultured in

the absence of embryoid body formation as we did not

generate embryoid bodies prior to EECM seeding. We fol-

lowed the monolayer protocol provided by StemCell

Technologies in products #05839 and #08522. The manu-

facturer media changing instructions were adhered to for

both Matrigel and EECMs, with noted exceptions. For

EECM-supported organoids only, hPSC single cells were

seeded onto EECMs that were placed in an ultra-low

attachment 24-well plate (Corning product #CLS3473).

The cells were allowed to attach overnight and then

rinsed to remove unattached cells using the feeder-free

medium. The cells were allowed to expand until they

reached confluency (about 5 days on average). Once a

confluent monolayer of cells was achieved, the transition

to differentiation media was performed. Cells were

exposed to Neural Induction Medium for 7 days, Mid-

brain Neuron Differentiation media medium for 14 days

(we note the lack of disassociating cells from their niches,

per suggested in the manufacturer protocol), Midbrain

Neuron Maturation Medium for 7 days, and Midbrain

Neuron Maturation Medium until collection (minimum

of 14 days, up to 154 days).

Immunofluorescence staining and
microscopy

Immunofluorescence was performed as previously

described20,23 and as fully outlined in the supplementary

information.

Western blot analysis

Western blot was performed as previously described24 and

as fully outlined in the supplementary information.

Single-cell sequencing library generation

Drop-Seq was performed as described in Macosko et al.25

and as fully outlined in the supplementary information.

Briefly, cells were resuspended in BSA at 100 cells/lL in

0.01% BSA in PBS. Oligo-labeled beads from Chemgenes

were resuspended in lysis buffer at 120 beads/lL. Labeled
beads and cells were processed through the standard

Drop-Seq device (FlowJEM) for 10 min per sample, fol-

lowed by reverse transcription, an Exonuclease I step, and

then universal PCR.

Single-cell sequencing data analysis

The computational processing pipeline from Macosko

et al.25 (version 1.2) was followed to map raw Illumina

reads to the human genome (hg19) using STAR as the

aligner to generate digital gene expression matrices.

Details are fully outlined in the supplementary

information.

Mass spectrometry

Mass spectrometry was performed as previously

described20 and as fully outlined in the supplementary

information. Briefly, proteins were resolved by SDS-

PAGE. Gel bands were excised and processed by in-gel

digestion with trypsin. Digests were analyzed by nano

LC–MS/MS with a Waters NanoAcquity HPLC system

interfaced with a Thermo Fisher Fusion Lumos mass

spectrometer.

Proteomics analysis

Signatures were compared to previously published cere-

brospinal fluid data acquired provided in Pellegrini

et al.26 Details are fully outlined in the supplementary

information.

Quantitative qPCR analysis

qPCR was performed as outlined in the supplementary

information. Each qPCR analysis comprised at least three

batches of brain organoids (n ≥ 3). A batch is defined as

a biological replicate using the same differentiation proto-

col on different EECMs at different times.

Statistical analysis

Statistics were performed in Python (version 3.6.8) using

the SciPy package.27 Pairwise comparison tests were cho-

sen based on tests for normality (Shapiro–Wilk’s test)

and variance (Levene’s test). On this basis, unless other-

wise specified, we selected the nonparametric Mann–
Whitney U test (“Wilcoxon” in Scanpy) to evaluate the

statistical significance between two groups. For pathways

analysis, we used g:Profiler28 to perform functional

enrichment analysis on supplied gene lists which were

selected on the basis of being upregulated relative to

another group with an adjusted p-value < 0.05 as assessed

by the rank_genes_group function in Scanpy29 with

Benjamini–Hochberg correction unless noted otherwise.

All statistics were run on data replicates derived from dis-

tinct samples.
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Results

EECMs support human pluripotent stem cell
culture and neural differentiation

We developed a novel microenvironment for hPSCs to

expand and differentiate into neural lineages. This acellu-

lar microenvironment is composed of a tessellated poly(D,

L-lactic-co-glycolic acid) (PLGA) polymer framework,21

which supports a suspended fibrillar network of 3D, full-

length, insoluble human fibronectin20 (Fig. 1A, Methods).

The major function of the PLGA scaffold is to mechani-

cally support the fibronectin matrix and facilitate the han-

dling of the structures. We generated large volume

structures (7 mm 9 7 mm 9 100 lm) from stacked

polymer fibers (10 lm diameter) separated by 500 lm
open pores using solution-based 3D jet writing21

(Fig. 1B). The polymer PLGA material occupies 3.4% of

the scaffold, leaving 96.4% of open volume. Hydrody-

namically induced fibrillogenesis20 generated an insoluble,

fibrillar network of human-derived fibronectin, which fills

the entire scaffold-free volume20 (Fig. 1C). To evaluate

appropriate seeding conditions, this EECM was then

seeded with human ESCs and allowed to expand until the

cells reached confluence (Fig. 1D, Methods). Immunoflu-

orescence with confocal microscopy was used to visualize

differentiation progression over time (Fig. 1E, Methods).

ESCs express classical pluripotency markers, including

nuclear SOX2, OCT4, and NANOG (Fig. 1F). We then

differentiated ESCs using Neural Induction Medium for

7 days and stained for rosette formation indicative of

early brain regionalization (ZO-1, SOX1, beta-catenin)

after Neural Induction Medium (Fig. 1G). Maturation

was achieved using the STEMdiff Midbrain Neuron dif-

ferentiation kit (Fig. 1E, Methods). Following maturation,

we stained for general neuronal process markers TUJ1

and synaptophysin and midbrain specification with OTX2

to reveal the successful emergence of neuronal popula-

tions at 47 days (Fig. 1H). In addition, qPCR analysis of

organoids formed on EECM identified the presence of

key markers of neuronal development, such as LMX1A,

FOXA2, FGF8, TUJ1, OTX2, and SYP after 45 days of cul-

ture (Fig. 1I). Similarly, Western blot analysis of EECM

organoids after 45 days confirmed the presence of hall-

marks of neuronal development, such TUJ1, p-YAP, Nes-

tin, SOX1, Brn2, and N-cad and the disappearance of

embryonic stem cell markers, such as Nanog, OCT4, and

E-cad.

EECMs enhance neurogenesis relative to
Matrigel at the early stages of organoid
differentiation

Because most protocols of brain organoid generation

depend on Matrigel,30 we compared EECM-supported

brain organoids to Matrigel cultures using otherwise iden-

tical differentiation protocols. Single-cell RNA sequencing

(scRNA-seq) was used to characterize the samples after

exposure to Neural Induction Medium (Fig. 2). Both

groups were relatively homogenous in their cellular

makeup in the early stages of development (Fig. S1A,B);

however, EECM-supported organoids exhibited stronger

neurogenesis expression patterns, as determined by a

composite score for select genes in the neurogenesis path-

way (Fig. 2B). Analyzing the drivers of stronger neurogen-

esis revealed elevated expression for all genes in this

pathway, including FGF8, PAX6, SOX2, OTX2, and

CDH2 (Fig. 2C). Additional pathway analysis of the top

200 differentially expressed genes between both groups

(p-value < 0.05) showed that EECM-supported organoids

enriched pathways implicated in brain development and

morphogenesis (Figs. 2D, S1C, Tables S1 and S2). These

included “neurogenesis”, “neural precursor cell prolifera-

tion”, “neuron differentiation”, “forebrain development”,

Figure 1. Engineered Extracellular Matrix fabrication and neural differentiation. (A) Fabrication of Engineered Extracellular Matrices (EECMs) used

for seeding ESCs and downstream organoid generation. 3D jet writing is used to produce poly(D,L-lactide-co-glycolide, PLGA) scaffolds, as

previously described.72 Polymer PLGA scaffolds are mounted onto medical-grade stainless steel and then this structure is placed into a fibronectin

solution that undergoes rotation to induce fibrillogenesis and deposit an insoluble fibronectin (FN) matrix.20,22 Human ESCs are then seeded onto

EECMs. (B) Scanning electron micrograph (SEM) of the PLGA scaffold structure (scale bar is 200 lm). (C) Deposited fibronectin matrix is stained

using an amine-reactive fluorophore (red channel; scale bar is 500 lm). (D) SEM of confluent embryonic stem cells (ESCs; H9) cultured on the

EECM (scale bar is 100 lm). (E) Timeline for brain organoid production using a commercial media kit. (F) A confluent stem cell layer is generated

prior to Neural Induction Medium (NIM), stained for pluripotency markers SOX2 (green channel), OCT4 (red channel), and NANOG (yellow

channel) plus merged image (top; scale bar is 30 lm). (G) EECMs with differentiated H9 ESCs after NIM, stained for ZO-1 (pink channel; scale bar

is 200 lm), SOX1 (yellow channel), and beta-catenin (red channel) markers (scale bar in insets is 100 lm), identifying neural progenitor cells and

neural rosette formation. (H) Neuronal populations stained for neuronal markers TUJ1 (green channel), OTX2 (purple channel), and synaptophysin

(red channel), plus merged image, at the end of maturation (scale bar is 20 lm). Panels F–H are all counterstained with DAPI (cyan channel). (I)

qPCR results showing the fold-change of expression for neuronal differentiation markers of EECM organoids at D45 of culture relative to day 0

(undifferentiated cells); n ≥ 3 biological replicates, that is, three distinct batches of brain organoids, for each gene of interest. All genes are

normalized to GAPDH expression levels. (J) Western blot showing protein expression for hPSCs before differentiation (D0) and EECM organoids at

D45 of culture.
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and “central nervous system development”. In contrast,

Matrigel-generated organoids showed significant upregu-

lation of injury-related pathways, including “Alzheimer’s

disease” and “Parkinson’s disease” (Fig. 2E). Notably,

pathway analysis also found that Matrigel increased the

pathway “interspecies interaction between organisms”,
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gene ontology (GO) 0044419, which was driven by 53 of

the 200 analyzed genes (Fig. S1D, Tables S1 and S3).

These findings support the notion of interspecies interac-

tions and suggest that the xenogenic Matrigel is detrimen-

tal for the development of human cells.

Additional GO pathway analysis found that biological

processes associated with neural development constituted

the largest class of pathways that were upregulated in

EECM, followed by extracellular matrix constituent path-

ways (Fig. 2F). Overall, from the 200 top differentially

expressed genes in EECM versus Matrigel, EECM-

generated brain organoid cells were elevated in 42 neuro-

genesis genes (subset shown in Fig. 2D, Table S2), 21

axonogenesis genes (Table S2), and 12 gliogenesis genes

(Table S2). Further quantification of these expression pro-

files using an aggregated score across all GO subsets for

neurogenesis (1867 genes), gliogenesis (342 genes), and

interspecies interaction between organisms (1750 genes)

corroborated our findings that EECM-derived brain orga-

noid cells were significantly upregulated in neurogenesis

and gliogenesis versus cells cultured on Matrigel, which

were associated with enhanced interspecies interactions

due to its xenogenic nature (Fig. S1E, Table S4). We then

compared cells expanded on EECM and Matrigel after

culture in Neural Induction Medium with each other

using qPCR analysis and found accelerated maturation in
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EECM organoids. Specifically, we found a significant

increase in neuronal markers, such as LMX1A, FOXA2,

FGF8, TUJ1, OTX2, and SYP (Fig. 2G). These data are

consistent with the results of the pathway analysis of

EECM organoids expanded in Neural Induction Media

(Fig. 2D).

EECMs facilitate maturation of excitatory
neurons and non-neuronal organoid
subpopulations relative to Matrigel

Next, we performed scRNA-seq of EECM-supported ver-

sus Matrigel-generated brain organoids in later stages of

differentiation (47 days total) (Fig. 3). In this analysis, we

identified subpopulations based on standards in the

field.31 We used the Leiden clustering algorithm followed

by a hierarchical marker-based approach to classifying

clusters.32 Cells were first stratified into neuronal or non-

neuronal populations, and then further subclassified based

on canonical markers (Tables S5–S7). Cells were catego-

rized from the EECM-supported organoids into 11 popu-

lations (Fig. 3A), including a population of doublets,

which was excluded from quantitative analyses. Doublets

are an artifact of scRNA-seq but can only be identified by

clustering. Once identified, we excluded doublets from

subsequent investigation to prevent them from contami-

nating quantitative analyses.

There were nine clusters in the Matrigel sample, eight

that were identified and one that was unidentifiable

(Fig. 3B). EECM and Matrigel shared eight populations,

including “Dividing cells”, “Excitatory Neurons”, “Imma-

ture Neurons”, “Proliferating neuroepithelial cells”, a

mesenchymal population (“Mesenchymal-2”), “Astro-

cytes”, “Myoepithelial cells”, and “Choroid Plexus (ChP)”

(Fig. 3C). The Immature Neuron population was assigned

based on the expression of stemness markers, POU5F1

and SOX2 (Table S5), as well as expression of DCX

(Fig. 3C), a marker of migrating and differentiating neu-

ronal precursor cells. Although the Immature Neuron

population expressed DCX, it was not significantly upre-

gulated in this cluster relative to all other populations

combined and, thus, was not considered a defining

marker (Table S5). The EECM samples had an additional

ChP population, “Nonciliated ChP ependymal cells”,

which expressed genes associated with the ciliation pro-

cess but were not expressing PCP4 (PCP4� negative;

Fig 3A), as well as an additional mesenchymal population

(“Mesenchymal-1”), which was most prominently charac-

terized by high fibronectin 1 (FN1) expression.

We quantified the expression of markers that uniquely

identified populations in EECM versus Matrigel organoids

in all shared populations (Fig. 3C). We found that Matri-

gel statistically enhanced gene expression defining the

Proliferating (CENPF, TOP2A) and Dividing cells

(HMGA1) populations. Expression patterns also indicated

the strong distribution of SOX2 expression for the Imma-

ture Neuron population in Matrigel, though these differ-

ences were not statistically significant due to the slightly

higher baseline expression in EECM organoids. In con-

trast, EECM-supported organoids yielded significantly

higher expression of marker genes for Excitatory Neurons

(NEUROD6, DCX), Mesenchymal-2 (LUM), Astrocytes

(FABP7, ID4), Immature Neurons (DCX), and Myoe-

pithelial cells (ACTA2) populations. Notably, EECMs also

induced higher expression of markers for ciliated ependy-

mal cells, as indicated by elevated coexpression of TTR

and PCP4 expression (Fig. 3C). While the ChP popula-

tion of EECMs did not have statistically higher HTR2C

expression relative to Matrigel, a substantial population

appeared to emerge with high HTR2C expression on

EECMs.

Recent reports that brain organoids do not sufficiently

capture late-stage glial development relative to in vivo

development identified lumican (LUM)-expressing cells as

potential mediators of these differences.33 It is notewor-

thy, then, that LUM was highly expressed in the EECM-

supported brain organoid Mesenchymal-2 population rel-

ative to Matrigel (Fig. 3C). Additionally, we used a non-

marker based approach to compare the extent of differen-

tiation in EECM versus Matrigel groups in aggregate. We

employed the SCENT algorithm,34 which uses signaling

entropy as a marker-agnostic approach to estimate cellu-

lar potency. A higher entropy index corresponds to higher

signaling promiscuity and thus higher pluripotency.34,35

We found that EECMs enhanced differentiation relative

to Matrigel, as indicated by a significantly lower entropy

index (Fig. 3D). Finally, pathways analysis of the differen-

tially expressed genes (p < 0.001) between the two condi-

tions overall at this time point revealed that EECMs had

elevated signatures associated with “neuron differentia-

tion” and “neuron projection development”, as well as

several extracellular matrix interaction pathways, includ-

ing “glycosaminoglycan binding”, “growth factor bind-

ing”, “cell adhesion”, “integrin cell surface interactions”,

“extracellular matrix organization”, and “extracellular

matrix structural constituent” (Fig. 3E).

Meanwhile, the Matrigel samples exhibited upregulated

pathways associated with “programmed cell death” and

“apoptosis” (Figs. 3F and S2A). Together, these results

suggest that the EECM environment facilitates stronger

cell specification relative to Matrigel. Recent work by

Bhaduri et al.36 showed that cortical brain organoids

ectopically induce cell stress responses, which negatively

influence the ability of cells to differentiate. In this con-

text, our findings are consistent with the notion that the

more native-like extracellular matrix that cells would
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Figure 3. Comparison of organoid maturation and cellular diversity by scRNA-seq in EECMs versus Matrigel at 47 days. UMAP plots show cellular

diversity found in (A) EECM-supported and (B) Matrigel-generated brain organoids, using the same cell type annotations and gene markers (listed

below cell type annotations). (C) For each cell type shared by EECM and Matrigel, the expression of one to three markers uniquely identifying

that population was plotted using violin plots split by group. p-Values are from a two-tailed Mann–Whitney U test; the higher median sample

values are denoted with an asterisk (*), as determined by alternative, one-tailed hypothesis testing. (D) Signaling entropy was calculated as

previously, using SCENT.34 A higher entropy index corresponds to higher stemness, that is, lower differentiation. (E, F) Pathway analysis for overall

genes upregulated in EECM compared to Matrigel (E) and Matrigel relative to EECM (F) at 47 days of culture. Differentially expressed genes were

assessed by a t-test and only upregulated genes with p < 0.001 were used in this analysis. n = 3 biological replicates per condition, with multiple

organoids pooled per biological condition, representing 4393 high-quality cells. EECM, Engineered Extracellular Matrix; MG, Matrigel; ns, not

statistically significant.
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encounter in an in vivo context enhances cell differentia-

tion by ablating the cellular stress response to foreign

matrix.

EECMs support long-term brain organoid
culture

Due to its fibrillar network structure, the EECM provides

for a large surface area of fibronectin available for initial

cell attachment (Fig. 1C). The adherent cells use this

matrix as a template from which to expand, resulting in

large-volume brain organoids over time. However, the

viability of these large organoids during long culturing

remained unknown. To explore the long-term survival of

large-scale organoids, we repeated the differentiation pro-

tocol on EECMs using human induced pluripotent stem

cells (hiPSCs), allowing them to grow for 215 days

(Fig. 4A). Remarkably, the vitality of each organoid gen-

erated was sustained throughout the timeline, as evidence

by their continual size expansion (Fig. 4C) and analysis of

apoptosis pathways (Fig. S2A). Organoids reached an

average maximum continuous diameter of 11.88 mm

(Fig. 4C). Fluid-filled compartments emerged after

extended culture of EECM-supported brain organoids,

similar to ChP organoids recently developed by Pellegrini

et al., which used the small molecule GSK3 inhibitor

CHIR99021 with bone morphogenetic protein 4 (BMP4)

to pattern ChP production in Matrigel.26 The cyst-like

structures observed in EECM-templated brain organoids

roughly match the global geometry of the overall EECM

structure (Fig. 4B). Brain organoids generated using a

bioreactor have previously been reported to survive up to

a year,37 however these organoids did not appear to con-

tinue expanding beyond 4 mm in diameter.

Extended organoid culture on EECMs
reproducibly generates CSF-filled
compartments

Because we observed an elevated ChP signature in EECM-

supported organoids relative to Matrigel at the 47 day

time point (Fig. 3C), we hypothesized this population

could drive CSF-like fluid production over the course of

extended EECM brain organoid culture. To test this

assumption, we recovered an average of 275 lL of CSF-

like fluid from the brain organoid internal sac structures.

The fluid proteomics profile was subsequently character-

ized by mass spectrometry, and we compared the proteo-

mics profile of the CSF from EECM-based brain

organoids to previously published datasets of human CSF

(Fig. 4D). EECM-supported brain organoids shared a

total of 319 proteins with in vivo CSF signatures across

embryonic, pediatric, and adult CSF. EECM organoids

overlapped with 280 proteins in adult CSF (Table S8),

particularly, spanning 500 GO pathways (Table S9). Char-

acteristic proteins identified in the EECM group included

neurological disease biomarkers, such as Alzheimer’s

(APP, MAPK3, and ADAM9), Parkinson’s (YWHAE and

SNCG), and Huntington’s (CRYZ) diseases (Table S10,

EECM column). Similarly, prominent endogenous meta-

bolic pathways, such as opioid, oxytocin, cannabinoid,

and serotonin signaling (GNB1, GNAI3, GNG12,

ALDH1A3, ALDH9A1, and ALDH1A1), and insulin- and

inflammation-mediated cascades (IGF2, MAPK3, GRB2,

IGF2R, and VWF) were observed. Not surprisingly, high

levels of proteins implicated with cell-extracellular matrix

interaction pathways, including “cadherin binding”, “gly-

cosaminoglycan binding”, and “integrin binding”, and

“cell-substrate junction”, “focal adhesion”, and “anchor-

ing junction” were produced by cells cultured on EECM

(Table S9).

Biological pathways and processes associated with the

proteomics signatures present in EECM-supported brain

organoid CSF were visualized using the Reactome data-

base38 (Fig. 4E). Significant pathway expression occurred

in “Extracellular matrix organization”, “Cellular responses

to external stimuli”, “Metabolism of proteins”, “Signal

transduction”, “Developmental biology” (particularly

within “Nervous system development”), “Immune Sys-

tem”, and “Vesicle-mediated transport”. Two sensory per-

ception pathways were also upregulated, related to

“Retinoid signaling” and “Sensory processing of sound by

inner hair cells of the cochlea” (Fig. 4E). EECM brain

organoids were abundant in expressing signatures associ-

ated with secreting extracellular vesicles, extracellular

matrix organization, and cell-extracellular matrix interac-

tions (extended pathways analysis is shown in Fig. S3,

Table S11).

Additionally, we placed our findings in the context of

the current state of the field, by comparing the extracted

EECM-supported organoid CSF-like fluid to the recently

published CHIR99021/BMP4-patterned ChP organoids

(Fig. S4, Table S10).26 Overall, our mass spectrometry

identified 1036 protein signatures with an Exponentially

Modified Protein Abundance Index (emPAI) value ≥1 in

at least two samples, contributing to the 1.58-fold higher

overlap of EECM organoid CSF with adult in vivo CSF

signatures relative to the ChP organoid, spanning 32 dif-

ferentiated overlapped pathways identified by the Panther

Pathway database (PantherDB39) (Fig. S4A,B). Using a

combination of PantherDB,39 g:Profiler,28 and Reac-

tome,38 we found these differences were largely reflected

in pathways linked to signaling, such as integrin, TGFb,
and MAPK signaling, and the aforementioned cannabi-

noid, serotonin, and oxytocin signaling from GNB1,

GNAI3, and GNG12 expression. Reactome database
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analysis showed the ChP organoids express pathways con-

taining “Chromatin organization”, “Gene expression

(Transcription)”, “Cell Cycle”, and “Metabolism of pro-

teins” (Fig. S4C). Within the developmental biology path-

ways, fluid from both types of organoids highly expressed

signatures of nervous system development.

To assess the reproducibility of our organoid genera-

tion approach, we tested three separate batches of orga-

noids containing a total of nine replicates, which were

segregated across multiple characterization workstreams.

Our proteomics analysis showed high batch-to-batch

consistency for the three organoids evaluated. Figure S5

shows the Spearman rank correlation calculation based

on the quantitative mass spectrometry results. As a sec-

ondary analysis, we analyzed the secretome found both

within the organoid compartment (“internal”) and out-

side of it (“external”), which we combined with hierar-

chical clustering. While there is overall a high similarity

index between the two regions of the organoid, the

internal and external regions are segregated into two

distinct clusters, suggesting that the organoids are form-

ing a tight barrier that preferentially filters some

proteins.

Discussion

Brain organoids have emerged as a promising in vitro

tool to study neurological phenomena related to develop-

ment and disease.40 In particular, brain organoids can be

generated from human iPSCs and ESCs; thus, they can be

useful in research areas that have inherent differences

between humans and mice, such as brain development,

brain disorders, or infection of human-specific patho-

gens.7,41 Compared to conventional two-dimensional neu-

ronal or glial cultures, the 3D architecture and cellular

heterogeneity of these miniaturized brain organoid struc-

tures better typifies in vivo brain composition. Concen-

trated research efforts have generated protocols that

differentiate stem cells into forebrain, midbrain, and

hindbrain with remarkable biological complexity and

reproducibility.42 However, in the decade since the incep-

tion of modern cerebral organoids,10 few advancements

have been made with respect to bioengineering matrices

to support organoid growth. With few exceptions,43 con-

ventional brain organoid protocols use murine-derived

Matrigel as an extracellular matrix,44 which suffers signifi-

cant disadvantages. Thus, overreliance on Matrigel is

often viewed as holding the organoid field back, exempli-

fied by recent calls to action to reframe organoid genera-

tion through materials engineering.15,45

Here, we heeded these calls by implementing novel

EECMs comprised of both synthetic PLGA and defined

human-derived fibronectin materials. Our EECMs

enhanced neurogenesis and glial maturation versus Matri-

gel, maintaining neuronal diversity commensurate with

the cerebral organoid literature.32 Additionally, our

EECMs facilitated long-term culture up to 7 months,

which promoted the emergence of large-volume CSF-

filled organoid structures. The EECM-derived CSF prote-

omics signature shared a significant number of matches

with human adult CSF and spanned 75 biological path-

ways of relevance to development. We designed EECMs

to overcome several Matrigel weaknesses.46 Matrigel, a

basement membrane hydrogel derived from mouse

tumors, is rich in certain proteins and polysaccharides

relevant to tissue support and is a serviceable material;

however, it is of relatively undefined composition47 and

contains xenogenic material. This is evidenced by the

enrichment of “Interspecies interaction between organ-

isms” in Matrigel- versus EECM-derived brain organoid

cells in our analysis. To counter this, our EECMs are pre-

cisely engineered from well-defined PLGA and full-length

fibronectin materials. PLGA is a commercially available

biocompatible material, which has been approved for use

in biomedical devices by the FDA.48 The fibronectin is of

human origin and thus xeno-free, rendering our EECMs

superior for human-derived organoid growth.

Additionally, Matrigel possesses biological activity49

because it contains cytokines as well as growth and tran-

scription factors.47,50 Indeed, we found a significantly

Figure 4. Extended organoid culture on EECMs for 7 months generated large CSF-producing brain organoids. (A) Organoids were matured on

EECMs in Midbrain Neuron Maturation Medium M2 for approximately 6 months and for a total duration of 215 days. Fluid-filled compartments

became increasingly larger over time. (B) Representative images were taken of three different EECM brain organoids using an IX83 Olympus

microscope using phase contrast (top panel) and with a 12-megapixel wide-angle camera (bottom panel). Fluid-filled compartments were

punctured with a 22G needle and extracted for analysis. (C) Quantification of recovered cerebrospinal (CSF)-mimicking fluid from the organoids

and maximum continuous organoid diameters (n = 3 organoids). (D) Mass spectrometry was performed on the CSF fluid recovered from the

organoids and compared to published proteomics signatures.26,73–75 Values shown are for at least two organoids exceeding a relative abundance

emPAI ≥ 1. (E) We used the Reactome database38 to visualize the pathway and biological process coverage and significance from the recovered

CSF-like fluid from EECM-supported organoids; the orange color indicates p-value significance of protein coverage of pathway (dark = p ≤ 0.05,

bright p ~ 0); gray color represents the binary status of coverage of pathway (lightest = not covered, darkest = covered). (F) Confocal images

from EECM organoid section after 215 days of culture stained for N-cadherin, TTR, and b3-Tubulin. The scale is 200 lm. (G) Relative abundance

(emPAI values) of selected proteins detected in media and internal and external organoid cultures represented as a color heatmap of lower

(yellow, 0) to higher (blue, ≥ 50) relative abundance. Samples were extracted from three organoids per condition.
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larger proliferating population in the Matrigel- versus

EECM-grown brain organoids, even at 47 days once they

had matured, which may arise from the presence of exog-

enous growth factors. By contrast, our EECMs, being

derived from chemically defined materials, are free of bio-

logically active exogenous molecules, which could influ-

ence organoid development outside of the neural

differentiation program. Another important factor for

reproducible organoid development is matching the

matrix stiffness to the native dynamics of the target tissue

for lineage-specific differentiation of stem cells,46,51,52

including for neurogenesis.53,54 Although soft matrices,

such as Matrigel, which has an elastic modulus of

~400 Pa, have been found to be neurogenic,53 the intrin-

sic heterogeneity of xenogeneic matrices can cause locore-

gional differences in stiffness, which can vary up to

~3 kPa.55 Since the biophysical properties of the extracel-

lular matrix influences organoid development,56 this vari-

ability in Matrigel stiffness could impair development

leading to immature brain organoids. By contrast, the

engineered nature of our EECM platform provides oppor-

tunities for higher batch-to-batch consistency and facili-

tates the potential for large-scale brain organoid

development. Finally, our fibronectin-based EECMs pose

several practical advantages, including implantable capa-

bility, manufacturing scalability, and tunable design

parameters (e.g., scaffold geometry and additional matrix

composition changes).

Our findings join a growing body of evidence, which

advocates considering synthetic, precisely-designed extra-

cellular matrices as Matrigel alternatives. Sorrentino et al.

generated liver organoids using enzymatically crosslinked

poly(ethylene glycol) (PEG) hydrogels infused with

laminin-111, collagen IV, and fibronectin.57 They found

that PEG hydrogel stiffness controlled liver organoid

growth, which could even be tuned to model fibrotic liver

by increasing matrix stiffness. Funfak et al. compared bile

duct epithelial morphogenesis in PEG hydrogels versus

Matrigel58; although the efficiency of cyst formation was

similar in both scaffolds, larger cysts formed in Matrigel.

Nevertheless, varying PEG stiffness and integrin ligand

density could support the development of functional cho-

langiocyte organoids with good multidrug resistance

protein-1 activity. Ranga et al., also utilizing PEG con-

structs with modular additives influencing degradability,

extracellular components, and growth factors, could pre-

cisely control neural tube morphogenesis by tuning scaf-

fold properties.54 Similar control or amelioration of

organoid development using PEG has been achieved for

intestinal organoids,59,60 lung organoids,61 mammary epi-

thelial cell acini,62 and renal tubules,63 albeit producing

smaller-sized organoids.58,60 Polycaprolactone, alone64 or

blended with chitosan,65 can also support organoid

growth, as can PLGA for brain66 and islet b-like cell67

organoids. Lancaster et al. used floating PLGA fiber

microfilaments seeded with hiPSCs to generate neuroecto-

derm, which was then embedded in Matrigel.66 The two-

step process incorporating PLGA microfilaments

improved neuroectoderm formation and cortical develop-

ment versus Matrigel. Here, we demonstrate that

fibronectin-coated PLGA scaffolds, devoid of any Matri-

gel, can support the development of highly differentiated,

CSF-containing brain organoids.

Beyond the technical advancements realized by our

EECMs, the resultant brain organoids, as closer brain

mimics, could improve upon several current applications.

By stimulating greater differentiation of hiPSCs into

diverse neuronal and non-neuronal cell types, our brain

organoids could provide deeper insight into neurodeve-

lopmental biology,9 including human-specific characteris-

tics.7 Furthermore, given the ability for long-term

culturing,8 our brain organoids could also constitute a

viable model for neurodegenerative diseases, such as Alz-

heimer’s disease,68 and serve as a test-bed for screening

potential therapeutics. The presence of rich CSF compart-

ments similarly advocates our EECM-supported brain

organoids for studies of neurological disease biomarkers,

such as amyloid-b, tau,69 and neurofilaments.70,71 Addi-

tionally, neurological illnesses dictated by impaired inhibi-

tory or excitatory neuron function, such as Down

syndrome, could similarly be modeled well by our

EECM-supported brain organoids,8 which contain a larger

population of excitatory neurons than Matrigel-derived

organoids.

In conclusion, we present a path forward for advancing

brain and other organoid development through EECMs,

which advocates exploring novel approaches. Enhanced

brain organoid development could also improve their

applications, more faithfully mirroring neurological

diseases.
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